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A characteristic of malignant cells is their capacity to invade
their surrounding and to metastasize to distant organs. During
these processes, proteolytic activities of tumor and stromal
cells modify the extracellular matrix to produce a microenvi-
ronment suitable for their growth and migration. In recent
years the family of ADAM proteases has been ascribed impor-
tant roles in these processes. ADAM-9 is expressed in human
melanoma at the tumor-stroma border where direct or indi-
rect interactions between tumor cells and fibroblasts occur. To
analyze the role of ADAM-9 for the interaction between mela-
noma cells and stromal fibroblasts, we produced the recombi-
nant disintegrin-like and cysteine-rich domain of ADAM-9
(DC-9). Melanoma cells and human fibroblasts adhered to im-
mobilized DC-9 in a Mn2�-dependent fashion suggesting an
integrin-mediated process. Inhibition studies showed that ad-
hesion of fibroblasts was mediated by several �1 integrin re-
ceptors independent of the RGD and ECD recognition motif.
Furthermore, interaction of fibroblasts and high invasive mel-
anoma cells with soluble recombinant DC-9 resulted in en-
hanced expression of MMP-1 and MMP-2. Silencing of
ADAM-9 in melanoma cells significantly reduced cell adhe-
sion to fibroblasts. Ablation of ADAM-9 in fibroblasts almost
completely abolished these cellular interactions and mela-
noma cell invasion in vitro. In summary, these results suggest
that ADAM-9 expression plays an important role in mediating
cell-cell contacts between fibroblasts and melanoma cells and
that these interactions contribute to proteolytic activities re-
quired during invasion of melanoma cells.

Growth and progression of human melanoma is a process
that requires a cascade of different cellular processes includ-
ing cellular interactions and proteolytic cleavage of growth
factors and extracellular matrix proteins. ADAMs (a disinte-
grin and metalloproteinase)2 with both their proteolytic and
adhesive functions play a pivotal role in these processes (1).

Most of the members of the ADAM family share a general
phylogenetically well-conserved domain structure including a
pro-, metalloprotease-, disintegrin-like-, cysteine rich-, EGF-
like-, and cytoplasmic domain (reviewed by Refs. 2, 3). Apart
from their proteolytic activity, ADAMs exert also adhesive
functions, which are mediated for example in ADAM-15 by
the RGD motif in the disintegrin-like domain (4). For other
ADAMs, as ADAM-2 and ADAM-9, an electron capture de-
tection motif (ECD) also located within the disintegrin-like
domain has been reported to be responsible for this event (5,
6). In vitro studies have shown that ADAM-15 interacts with
���3 and �5�1 integrins (7), whereas ADAM-2 binds to �6�1

integrin and ADAM-9 to �6�1, ���5 and �3�1 integrins (6, 8,
9). The interactions of ADAM proteases with cellular recep-
tors have been proven to be of major importance in cell adhe-
sion and fusion processes as for instance during spermatogen-
esis (ADAM-1, -16, -20) and myo- and osteogenesis
(ADAM-9, -12, -19) (1). We have recently shown that
ADAM-9 is expressed in both human and mouse epidermis.
In keratinocytes, the adhesive activity of ADAM-9 leads to
modulation of MMP-9 expression and cell migration (10).
Further, proteolysis via ADAM-9 in keratinocytes has been
shown to be important for the constitutive shedding of colla-
gen XVII (11). Altered collagen XVII shedding was also de-
tected in skin of ADAM-9-deficient mice, resulting in in-
creased keratinocyte migration and accelerated skin repair
(11, 12).
Altered expression of certain ADAMs has been associated

with a number of diseases including asthma, arthritis, athero-
sclerosis, and cancer (13). However, relatively sparse informa-
tion is available on the functional role of ADAMs in malig-
nancy. Expression of ADAM-9, -10, -12 is increased in breast
cancer (13). ADAM-9 is also expressed in human melanoma
where it is localized on melanoma cells and peritumoral stro-
mal fibroblasts while this protein was not found in fibroblasts
distant from the tumor site (14). In prostate cancer ADAM-9
plays a tumor promoting role which was attributed to its abil-
ity to cleave EGF and FGFR2IIIb thereby altering signaling
(15). Furthermore, a soluble form of ADAM-9 is produced by
activated stellate cells that bind via �6�4 integrin to tumor
cells at the border of liver metastasis and promote in vitro
invasion (16). Recently, ADAM-9 has also been implicated in
pathological neovascularization likely by modulating expres-
sion of EphB4, Tie-2, Flk-1, CD40, VCAM, and VE-cadherin,
which all have been identified as substrates of ADAM-9 (17).
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Many studies over the last years were focused on the role of
the proteolytic domain of ADAM-9. By contrast, less is
known about the function of its adhesive domain for mela-
noma cell interactions. To elucidate the role of ADAM-9 as
an adhesive receptor for human skin fibroblasts and mela-
noma cells, the recombinant disintegrin-like and cysteine-rich
domains (DC-9) (10) were used as substrate for cell attach-
ment experiments. Here we show that both fibroblasts and
melanoma cells adhere to the disintegrin-like and cysteine-
rich domains of ADAM-9. This interaction is mediated by
�1-containing integrin receptors and leads to augmentation of
proteolytic activities. More importantly, we provide evidence
that ADAM-9 is directly involved in melanoma cell-fibroblast
interactions which might affect the invasive behavior of mela-
noma cells.

EXPERIMENTAL PROCEDURES

Antibodies—For Western blot analysis goat polyclonal anti-
bodies raised against human ADAM-9 were purchased from
R&D Systems (Wiesbaden, Germany). Actin was detected
with mouse monoclonal antibodies (MP Biomedicals, Irvine,
CA). The blocking monoclonal mouse antibody 4B4 directed
against the human �1-integrin chain was obtained from
Coulter Corp. (Hialeah, FL); the antibodies against the human
�3- and the �-integrin subunits from Chemicon (Beta1 Inte-
grin Partners Kit; Hofheim, Germany). Antibodies directed
against MMP-1 were a kind gift from P. Angel (German Can-
cer Research Center, Heidelberg).
Cells and Cell Culture—Primary human and murine dermal

fibroblasts were obtained by outgrowth from skin explants as
previously described (18). Cells were cultured in Dulbecco’s
modified medium (DMEM) supplemented with 10% FCS, 2
mM glutamine, 100 units/ml of penicillin, and 100 �g/ml
streptomycin in 5% CO2 at 37 °C in a humidified atmosphere.
Fibroblasts were passaged by trypsinization at a ratio of 1:2
every 5 days and used at passages 1–10. The human mela-
noma cell lines (19) were cultured in RPMI 1640 medium
supplemented with 10% FCS, 2 mM glutamine, non-essential
amino acids, 100 units/ml of penicillin, and 100 �g/ml strep-
tomycin. MV3 cells were transiently transfected with double-
stranded RNA encoding ADAM-9 sequences (20) using Lipo-
fectamine according to manufacturer’s instructions
(Invitrogen, Darmstadt, Germany). After 6 h, medium was
replaced and ADAM-9 expression analyzed after further 24
and 48 h of culture.
Cell Adhesion Assays—Semi-confluent mono-layer cultures

of human primary fibroblasts or melanoma cells were de-
tached with 0.05% EDTA. The cells were resuspended in
HEPES buffer (1 mM Hepes, 0.5% BSA, 1 mM of each CaCl2
and MnCl2). Adhesion assays were performed as described
before (10). Briefly, 96-well tissue culture plates were coated
with recombinant DC-9 and His6 peptide (0.6 �M) at 4 °C
overnight. Expression and purification of the disintegrin-cys-
teine rich domain of ADAM-9 has been described elsewhere
(10). BSA coating and blocking of nonspecific binding sites
were performed with heat-denatured BSA (1% BSA in Ca2�/
Mg2�-free PBS) for 1 h at room temperature. After washing
the wells, 2 � 104 cells/well were seeded and incubated for 1 h

at 37 °C. For competition assays, antibodies (10 �g/ml) or
peptides (0.6 �M) were added to the cell suspension before
plating. Non-adherent cells were removed by washing with
PBS. Adherent cells were fixed with 3% paraformaldehyde
in PBS, pH 7.6, and stained with 0.5% crystal violet in 20%
(v/v) methanol. The dye was released from the cells by addi-
tion of 0.1 M sodium citrate in 50% (v/v) ethanol. The absorb-
ance (A) of the released dye solution was determined at 595
nm. Adhesion was either expressed directly as A595 nm or as
percentage relative to untreated controls, which were set arbi-
trarily as 100%. Statistical analysis was performed with the
ANOVA Dunnett’s multiple comparison test or Student’s t
test.
Cell-Cell Adhesion Assays—Analysis of melanoma cell ad-

hesion to fibroblasts was performed as described previously
(21). Briefly, melanoma cells were labeled with 0.5 �M Cell-
TrackerTM CMFDA (5-chloromethyl-fluorescein diacetate;
Molecular Probes, Invitrogen) for 30 min at 37 °C. After ex-
tensive washes, 2 � 104 cells/well were seeded onto confluent
monolayers of fibroblasts in 96-well plates for 30 min. After
incubation, not adhered cells were removed and attached cells
fixed with 4% paraformaldehyde for 10 min at room tempera-
ture. Bound cells were counted in 5 microscopic fields in
three separate wells and averaged. Alternatively, cells were
resuspended and their fluorescence measured in a Victor
Multilabel Reader (Perkin Elmer).
In Vitro Invasion Assays—Melanoma cell invasion was as-

sayed using transwell with polycarbonate filters (8-�m pore
size, Corning Costar, Bodenheim, Germany). The filters were
coated with 25 �l of Matrigel (Becton Dickinson, Heidelberg,
Germany) and placed above the lower compartment, which
contained either 200 �l of serum-free RPMI 1640 culture me-
dium or fibroblast-conditioned medium. GFP-expressing
B16F1 melanoma cells (22) mixed 2:1 with primary wild type
or ADAM-9 knock-out fibroblasts were suspended in serum-
free RPMI 1640 (1 � 105/ml) and seeded into the upper com-
partment of the chamber. The chambers were incubated at
37 °C for 24 to 48 h. Cells attached to the upper side of the
filter were mechanically removed. The filters were fixed with
4% paraformaldehyde for 5 min and nuclei stained with 1
�g/ml DAPI. Invasion was determined by counting the GFP-
positive cells that had migrated to the lower surface of the
filter. For each filter, the number of cells in 5 randomly cho-
sen microscope fields was determined and averaged. The ex-
periment was performed twice each in quadruplicates.
RNA Isolation and RT-PCR—Total RNA was prepared us-

ing RNAzol (Wak-Chemie Medical GmbH, Bad Homburg,
Germany). For RT-PCR (REDTaqTM ReadyMixTM PCR Reac-
tion Mix, Sigma, Taufkirchen, Germany) 1 �g of RNA was
reverse transcribed using oligo dT. The following primers
were used for amplification of human ADAM-9: 5�-
CCTCGGGGACCCTTCGTGT and 5�-ATCCCATA-
ACTCGCATTCTCTAAA (10). Amplification of S26 was
used for normalization (18). PCR reactions were performed
for 32 cycles (within the linear range of amplification): dena-
turation (94 °C, 1 min), annealing (60 °C, 1 min) and exten-
sion (72 °C, 1 min). The products were analyzed on 2% aga-
rose gels.
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Zymographic Analysis—Serum-free conditioned media
were analyzed by gelatin zymography as previously described
(18). Briefly, 15–20 �l of supernatants (corresponding to 10
�g of cell lysate) were fractionated on 10% SDS-polyacryl-
amide gels containing 1 mg/ml gelatin (bovine, Sigma). Gels
were washed in 2.5% Triton X-100 for 30 min before over-
night incubation in metalloproteinase substrate buffer (50 mM

Tris-HCl, pH 8.0, 5 mM CaCl2) and stained with Coomassie
Blue R 250. Bands corresponding to gelatinase activities ap-
peared white against a blue background.
Western Blot Analysis—Lysates were prepared by directly

scraping off the cells on ice in RIPA buffer (50 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1% Nonidet� P40, 0,5% Natriumdes-
oxycholat, 0,1% SDS) containing aprotinin (10 �g/ml), Pefab-
loc (0.25 mg/ml), and leupeptin (1 �g/ml). Protein concentra-
tion was determined using a commercial assay (MicroBCA,
Perbio Science, Bonn, Germany). For detection of MMP-1
supernatants corresponding to 10 �g of cell lysates were frac-
tionated on 10% SDS-polyacrylamide gels under reducing
conditions and transferred onto Hybond-C SuperTM (GE
Healthcare, München, Germany). The blots were incubated
with the primary antibodies overnight at 4 °C. Bound primary
antibodies were detected using a horseradish peroxidase-con-
jugated secondary antibody (1:2000; Dako, Hamburg, Ger-
many) and visualized using ECL system (GE Healthcare).

RESULTS

Human Skin Fibroblasts Adhere To and Signal via the Dis-
integrin-like and Cysteine-rich Domains of ADAM-9—To ana-
lyze the role of ADAM-9 as an adhesive substrate for human
fibroblasts we performed cell adhesion assays using the re-

combinant disintegrin-like and cysteine-rich domains of
ADAM-9 (DC-9) as immobilized substrate (Fig. 1A). Adhe-
sion of fibroblasts was maximal at a coating concentration of
50 �g/ml reaching about 60% of the adhesion level deter-
mined with serum, which was used as a positive control sub-
strate. At all coating concentrations of DC-9 fibroblasts
showed a spread morphology demonstrating an active process
of substrate recognition and signaling. Furthermore, compa-
rable adhesion to DC-9 was detected using human skin fibro-
blasts isolated from 8 individuals of different sex and age at
passages between 4 and 7. This indicates that adhesion of fi-
broblasts to DC-9 is not dependent on the cell source (data
not shown).
Adhesion of human fibroblasts to recombinant DC-9 was

dependent on the presence of Mn2� ions, which is in line with
an integrin-dependent adhesion process (data not shown).
Human fibroblasts express several integrin receptors in vivo
and in vitro and these include integrins of the �1 and �3 sub-
groups (23). To identify the integrin subunit mediating cell
adhesion to DC-9, we incubated fibroblasts in the presence of
different inhibitory anti-integrin antibodies before perform-
ing adhesion assays. Antibodies directed against the �1 but
not the �3 integrin subunit efficiently inhibited adhesion (Fig.
1B). Furthermore, antibodies against the �3, �5, and �6 inte-
grin chains reduced adhesion by 50, 30, and 60%, respectively,
whereas inhibitory antibodies directed against the �1, �2, and
�4 subunits had no significant effect when compared with the
antibody-untreated control.
This demonstrates that multiple �1-containing integrin

receptors contribute to the adhesion of fibroblasts to DC-9.

FIGURE 1. Fibroblasts adhere to the adhesive domains of ADAM-9. A, microtiter plates were coated with increasing concentrations of recombinant His-
tagged DC-9 protein as indicated. Coating with BSA (1% heat inactivated) or FCS were used as negative and positive control, respectively. Microphoto-
graphs were taken after fixation of the cells (scale bar 10 �m). B and C, microtiter plates were coated with His-tagged DC-9 protein (10 �g/ml) or his peptide
(0.6 �M). Fibroblasts were incubated in assay buffer in the presence of 10 �g/ml inhibitory antibodies as indicated. IgG isotype control or 0.6 �M of each
RGD, RAD (control), ECD or scrambled-ECD (scr.; control) peptide was added before plating. Adhesion is expressed as percentage of adhesion determined
on FCS, which was arbitrarily set as 100%. In B, representative results of four independent experiments, each performed in triplicates; in C representative
results of three independent experiments, each performed in triplicates.
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Interestingly, the ECD cyclic peptide did not affect adhesion
to immobilized DC-9. This indicates that the ECD motif lo-
cated in the disintegrin-like domain of ADAM-9 does not
contribute to ADAM-9 mediated adhesion (Fig. 1B). The
RGD sequence, albeit not present in ADAM-9, was used to
exclude that binding through closely associated RGD depen-
dent receptors e.g. integrins �5�1 and �v�3, which are ex-
pressed by fibroblasts, might interfere with cell adhesion to
DC-9. This peptide as well as the control peptides containing
the RAD and ECD scrambled motifs had no effect on the ad-
hesion of fibroblasts to DC-9. In addition, adhesion of fibro-

blasts to DC-9 either applied as immobilized or soluble sub-
strate, induced synthesis of MMP-1 and MMP-2 as well as
proMMP-2 activation (Fig. 2).
Recombinant DC-9 Is an Adhesive and Signaling Molecule

for Melanoma Cells—Melanoma cells in vivo and in vitro ex-
press ADAM-9 (14). Using melanoma cells of various invasive
abilities we analyzed whether melanoma cells bind to the ad-
hesive domains of ADAM-9 and whether the differences in
adhesion correlate with their invasive potential. All melanoma
cell lines adhered to DC-9 (Fig. 3). Adhesion to DC-9 was
high for the low invasive cell lines IF6, Skmel 28, and WM
164, reaching at the coating concentration of 100 �g/ml al-
most the same adhesion level as determined on serum, which
was used as positive control substrate. Interestingly, adhesion
of all high invasive melanoma cell lines BLM, MV3, and
VMM5 to DC-9 was significantly lower at all coating concen-
trations. MV3 cells showed the highest adhesion level at a
coating concentration of 10 �g/ml. However, adhesion was
significantly lower at the same substrate concentration when
compared with low invasive Skmel 28 and WM164 cells.
MMP-2 expression was slightly increased in the high invasive
MV3 and BLM cells by treatment with soluble DC-9 as com-
pared with low invasive melanoma cells (Fig. 3, right panel).
In summary, these results indicate that adhesion to DC-9 and
alterations of MMP-2 expression/activation do not directly
correlate with the invasive capacity of the melanoma cells.

FIGURE 2. Adhesion of fibroblasts to DC-9 alters MMP-1 and -2 expres-
sion. Primary human fibroblasts were starved for 24 h in serum-free me-
dium before incubation with DC-9 protein (10, 50, 100 �g/ml). After stimu-
lation, supernatants were collected and analyzed by gelatin zymography.
The 72 kDa inactive form and the 62/59 kDa active forms of MMP-2 are
shown in the zymogram (upper panel). MMP-1 in supernatants was detected
by Western blotting using rabbit-anti-MMP-1 antibodies. The antibodies
detect two bands of 57 and 52 kDa.

FIGURE 3. Melanoma cells of different invasive potential adhere to DC-9. Melanoma cells were seeded on microtiter plates coated with 10 and 100
�g/ml of DC-9 protein for 1 h. Coating with BSA (1% heat-inactivated) and FCS were used as negative and positive controls, respectively. Adhesion is ex-
pressed as percentage of adhesion to FCS, which was set arbitrarily as 100%. For gelatin zymography melanoma cells were starved for 24 h in serum-free
medium before stimulation with DC-9 protein (10, 50, 100 �g/ml). Then the supernatants were collected and analyzed by gelatin zymography. The 72 kDa
inactive form and the 62/59 kDa active forms of MMP-2 are indicated in the zymogram. Significance of MV3 adhesion as compared with SKmel23 and
WM164, *, p � 0,05.
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ADAM-9Mediates Fibroblast-Melanoma Cell Interactions—
Adhesion of ADAMs to integrin receptors has been shown to
result in cell-cell interactions as in the case of ADAM-15 (24)
and ADAM-9. For ADAM-9 this leads to cellular fusion of
monocytes and macrophages (25, 26). To determine whether

ADAM-9 may function as a cell surface receptor mediating
interactions of melanoma cells and fibroblasts, MV3 cells
were labeled with the fluorochrome CMFDA and seeded on
top of confluent fibroblast monolayers in the absence or pres-
ence of recombinant DC-9 (Fig. 4). While MV3 cells attached
to fibroblasts in the absence of DC-9, this interaction was sig-
nificantly reduced when DC-9 was added to the incubation
buffer. Increasing concentrations of DC-9 up to 50 �g/ml had
no further effect.
As fibroblasts as well as melanoma cells express ADAM-9

and thus both cell types may be involved in mediating cellular
interactions, we used in a second approach murine dermal
fibroblasts isolated from ADAM-9-deficient mice. In addition,
to reduce expression of ADAM-9 also in melanoma cells we
applied siRNA targeting sequences shown previously to be
effective for silencing (27). Transient silencing of ADAM-9
for 48 h in MV3 melanoma cells resulted in an almost com-
plete reduction of ADAM-9 mRNA. However, ADAM-9 pro-
tein was reduced by only about 50% (Fig. 5A), which might
result from a slow turnover of the protein. Using these MV3
cells in cell-cell adhesion assays with murine wild-type fibro-
blasts, the number of melanoma cells attaching to fibroblasts
was significantly lower (Fig. 5B) when compared with mela-

FIGURE 4. The DC domain of ADAM-9 antagonise fibroblast-melanoma
cell interaction. MV3 melanoma cells, labeled with the fluorochrome CM-
FDA, were preincubated in suspension with either 0.6 �M his peptide (Co) or
10 and 50 �g/ml of recombinant, His-tagged DC-9 protein before seeding
on human primary fibroblasts. After 1 h, attached cells were counted in 5
microscopic fields of 3 separate wells. The bars represent the mean � S.D.
of cells attached per field. **, p � 0,006.

FIGURE 5. Silencing of ADAM-9 in MV3 melanoma cells results in reduced melanoma-fibroblast interaction. A, MV3 cells were transiently transfected
with ADAM-9 siRNA (met) or control siRNA (scr). After 48 h, ADAM-9 mRNA levels were determined by RT-PCR. S26 levels were used for normalization. Pro-
tein expression was analyzed in cell lysates by Western blotting, and detection of actin was used as loading control. B, 48 h after transfection of MV3 cells
(Mel) with ADAM-9 (low) or control siRNA (�), the MV3 cells were labeled with CMFDA and seeded on confluent fibroblast monolayers (Fb) derived from
either wild type (�) or ADAM-9-deficient (�) mice. After 20 min, bound cells were quantified by fluorimetric analysis. Bars represent mean � S.D. of the rel-
ative fluorescence units of three independent experiments. ****, p � 0.0001; ***, p � 0.0004. C, B16F1 murine melanoma cells were labeled with CMFDA
and seeded on confluent fibroblast monolayers derived from either wild type (WT-Fb) or ADAM-9-deficient (KO-Fb) mice. Numbers of bound cells were
quantified after 20 min. *, p � 0,006. D, invasion of GFP-transfected B16F1 melanoma cells was determined in transwell cultures with wild type (WT) or
ADAM-9-deficient (KO) fibroblasts. Melanoma cells (mel; 5 � 105/ml) suspended in a 2:1 ratio with fibroblasts in 0.5-ml serum-free RPMI medium were filled
in the upper compartment, while fibroblast-conditioned medium was used as a chemoattractant in the lower compartment. After 24 and 48 h, the numbers
of GFP-positive melanoma cells that had migrated through the matrigel to the lower side of the filter were counted. Bars represent the mean � S.D. of the
cell numbers determined per filter in three independent experiments. ***, p � 0,0001.
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noma cells with normal ADAM-9 expression (�). In addition,
cell-cell interaction between MV3 cells with reduced
ADAM-9 expression (low) and ADAM-9 knock-out fibro-
blasts (Fb-) was further decreased when compared with the
corresponding controls. The difference in attachment of MV3
cells with reduced ADAM-9 expression to wild-type fibro-
blasts compared with those attached to ADAM-9 knock-out
fibroblasts was highly significant (***, p � 0.0004). Compara-
ble results were obtained with B16F1 murine melanoma cells
which express ADAM-9 (data not shown). The attachment to
ADAM-9 knock-out fibroblasts was about 50% lower than the
attachment to wild type fibroblasts (Fig. 5C).
To analyze whether ADAM-9-mediated cell-cell interac-

tions affect the invasive behavior of melanoma cells, B16F1
melanoma cells expressing GFP were seeded in a 2:1 ratio
with wild-type or ADAM-9-deficient fibroblasts on matrigel-
coated transwells. The melanoma cells which have migrated
through the matrigel were counted after 24 and 48 h, (Fig.
5D). After 24 h, the number of invaded melanoma cells was
similar independent of the type of fibroblasts. However, after
48 h, the number of invaded melanoma cells was dramatically
reduced in the presence of ADAM-9 knock-out fibroblasts
when compared with the wild type control. This suggests that
loss of ADAM-9-mediated cross-talk between fibroblasts and
melanoma cells contributes significantly to the invasive be-
havior of melanoma cells in vitro.

DISCUSSION

Several lines of evidence point to a role for ADAM-9 in the
development and spreading of a variety of tumors (28).
ADAM-9 protein expression is increased in melanoma in vivo
and melanoma cells in vitro (14). In addition, a high-through-
put analysis of human melanomas revealed a correlation be-
tween ADAM-9 expression and melanoma progression (29).
However, the understanding how ADAM-9 contributes to
melanoma growth and invasion and by which function, pro-
teolytic or adhesive, is still rudimentary.
In this report we have addressed the adhesive role of

ADAM-9 for cellular processes involved in melanoma pro-
gression. Using the recombinant disintegrin-like and cysteine-
rich domains of ADAM-9 as immobilized substrates we show
that human primary dermal fibroblasts strongly adhere to this
substrate and that adhesion is primarily mediated by �1 inte-
grin receptors (see Fig. 1B). Keratinocytes also interact with
ADAM-9 via a �1 integrin receptor (10) indicating a narrow
specificity of receptor recognition. Interestingly, in both stud-
ies adhesion was not altered in the presence of peptides con-
taining the ECD motif, which is located within the disinte-
grin-like domain of ADAM-9 (30). These results are in good
agreement with a crystal structure study of the vascular apo-
ptosis-inducing protein-1 (VAP-1), a snake venom homo-
logue of mammalian ADAMs. In this study the high variable
region in the cysteine-rich domain was shown to be responsi-
ble for substrate interaction, whereas the disintegrin loop
containing the ECD motif turned out to be masked and inac-
cessible for protein binding (31–34).
Our results demonstrate that various integrins, including

�3�1, �5�1, and �6�1, are involved in DC-9 mediated adhe-

sion of fibroblasts. This suggests, as already observed for other
cell types which recognize the soluble ADAM-9 domain via
both �6�4 and �2�1 integrins (16), that several integrin re-
ceptors are able to contribute to the interaction with the ad-
hesive domains of ADAM-9. Adhesion to the DC-9 was also
detected using different melanoma cell lines. Adhesion was
dependent on the presence of Mn2� but not of Ca2� ions in-
dicating an integrin-mediated process (data not shown). The
number of adhering cells tended to be higher for the low inva-
sive melanoma cells than for the high invasive ones. This dif-
ference may be attributed to different integrin expression pro-
files on the cell surface of differently invasive cells. In vivo
studies revealed that expression of integrin �6�1 and/or �6�4
is more common in nevi than in malignant melanomas,
whereas most lesions of malignant melanoma seem to contain
cells expressing �2�1, �3�1, and �v�3 integrins (35, 36).
Thus it is tempting to speculate that interaction of melanoma
cells with ADAM-9 depends on the expression of specific in-
tegrin receptors which in turn might play a role for the inva-
siveness of these cells.
Interestingly, adhesion of both fibroblasts and melanoma

cells to recombinant ADAM-9 domains was paralleled by al-
terations of cellular activities. Fibroblast displayed increased
spreading and secretion of MMP-1 and -2 when plated on
DC-9. Incubation of melanoma cells with increasing concen-
trations of soluble DC-9 also resulted in slightly increased
levels of MMP-2 expression and activation, however, no effect
was seen in low invasive melanoma cells or in control cells
treated with the histidine peptide. Induction of MMPs can be
stimulated by growth factors and cytokines but also by en-
gagement of integrin receptors (18, 36). We have previously
shown that increased expression and activation of MMP-2
and MMP-14 in MV3 and BLMmelanoma cells occur upon
�2�1 interaction with collagen (18, 37). However, these
changes are only observed in the presence of fibrillar but not
monomeric collagen type I suggesting that integrin clustering
by a more complex substrate may be required for this re-
sponse. Similarly, while we could detect adhesion to ADAM-9
already at low substrate levels, a prominent increase in pro-
teolytic activities occurred only in the presence of high
amounts. These high levels may be a prerequisite for integrin
clustering and hence for inhanced expression of MMP-1 and
-2 as detected in fibroblasts and high invasive melanoma cells.
In vivo expression of bothMMP-2 andMMP-1 has been de-

tected in peritumoral fibroblasts. MMP-2 is also found in tumor
cells invading the underlying tissue in humanmelanoma (38–
40). In line with these observations our data suggest that
ADAM-9mediated cell interactionmight provide an additional
mechanism to increase proteolytic activities in the tumormicro-
environment thus contributing tomelanoma cell invasion.
Importantly, we show that ADAM-9 mediates direct inter-

actions between melanoma cells and fibroblasts as incubation
of fibroblasts and melanoma cells with soluble DC-9 resulted
in significant reduction of cell-cell adhesion. This finding is
stressed by the observation that a strong reduction of cell-cell
adhesion occurs when ADAM-9 was ablated in either mela-
noma cells or fibroblasts. Adhesion of fibroblasts to DC-9 was
almost completely abolished in the presence of anti-�1 inte-
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grin antibodies, suggesting a heterotypic adhesion process
mediated by the interaction of ADAM-9 with integrin recep-
tors. This notion is supported by the finding that ADAM-9
depletion in both cell types resulted in a further reduction of
cell-cell adhesion between fibroblasts and melanoma cells,
indicating that homotypic interactions between ADAMmole-
cules are not significantly contributing to this adhesion pro-
cess. Adhesion is not completely abrogated, which we think is
most likely due to the incomplete silencing of ADAM-9 pro-
tein in melanoma cells.
Similar types of cellular interactions have been shown for

ADAM-15 between T-lymphocytes and epithelial cells (24).
In these cells interactions led to secretion of pro-inflamma-
tory factors thus suggesting a putative role of ADAM-15 in
eliciting inflammatory responses. In this report we show that
interactions through ADAM-9 also elicit cellular responses
such as secretion of proteolytic enzymes. As ablation of
ADAM-9 in fibroblasts resulted in strong inhibition of mela-
noma cell invasion in vitro, we speculate that these interac-
tions leading to altered secretion of proteases are involved in
the invasion process. In line with this hypothesis is the work
from Stuelten and co-authors (41) showing that transient in-
teractions between tumor cells and normal fibroblasts are
necessary to modify the local microenvironment and increase
tumorigenicity of cancer cells in vivo.
In conclusion, we have shown that ADAM-9 is an adhesive

protein, which induces cell signaling leading to increased proteo-
lytic activities. Most importantly, it mediates fibroblast-mela-
noma cell interactions and seems to be important for melanoma
invasion. Further studies will be needed to elucidate the mecha-
nisms by which ADAM-9 ablation interferes withmelanoma cell
invasion and whether this results not only in impaired invasion
but also in alterations of tumor growth in vivo.
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